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化合物中，自从 20 世纪 90 年代中期被发现之后理论和实验都对这种非常规氢键
表示了极大的关注。分子氢（H2）不仅是一种有潜在价值的能源，而且在很多生
物和化学过程中它都起着重要的作用。非金属氢活化不但可以替代昂贵的金属而
且可以减少对环境的污染。Stephan 等 近提出了“Frustrated Lewis Pairs”（FLPs）
的概念。在 FLPs 中，由于电子给体或者受体的位阻原因，电子给受体之间不能









中有 P-H 键缩短和蓝移氢键的发生。 
（2） 双氢化合物 B(CF3)3(η2-H2)的高稳定性（De/D0=10.8/6.0 kcal/mol） 使得
[(CF3)3BH-][HPH3-n(Me)n+](n=0-3)中的质子转移反应和过渡金属氢化物的质子化
过程很相似，而和以前报道的第三主族氢化物 EH4- (E=B, Al, Ga)质子化的过程有
所不同。 
（3） 块定域波函数能量分解方法（BLW-ED）表明，R3B/PR'3 (R=C6F5 (1), Ph (2); 















距离有很大的关系。具有短的 B-P 键长(~2.1 Å)的 Lewis 对的作用是各种组分平
衡的结果。强和弱的 B-P 键都可以在这一组找到；对于 B-P 距离大于 4.0 Å 的
Lewis 对，B-P 键能大约 10 kcal/mol，可以看成范德华（vdW）化合物，这一组
相关和色散能起着主要作用。从能量分解的观点看，很难把 FLPs 从其它 Lewis
对中区分出来。FLPs 的反应活性主要是由 HA(BR3) (Hydride Affinity)和 PA(PR'3) 
(Proton Affinity) 决定而不是分子间的 C-F···H-C 作用。我们提出， Ehp
（HA(BR3)+PA(PR'3)）的值 360.0 kcal/mol 可以用来区分 FLPs 和其它的 vdW 




这和经典氢键是类似的；另一方面，H- 和 H+ 的结合会导致 H2 放出和 Lewis 对
的形成，这对经典氢键显然是不可能的。(a) 本文提出，当 HA(BR3)和 PA(PR'3)
之和大于 340.0 kcal/mol 可以观测到离子对 [R3BH-][HPR'3+]的形成；而小于这个
值则 H- 和 H+ 结合，导致 H2 放出和 Lewis 对 R3B/PR'3 的形成；(b) 离子对
[R3BH-][HPR'3+]相对于 R3BPR'3 + H2 的稳定性可以用一个拟合方程来描述：
ΔER([R3BH-][HPR'3+]) = -0.779HA(BR3) - 0.695PA(PR'3) - 1.331ΔEb (BR3/PR'3) + 
245.3 kcal/mol (B/P)。这个方程描述了电子和立体效应对异裂 H2 反应(R3B/PR'3 + 
H2 → [R3BH-][HPR'3+])热力学的影响。电子效应通过 HA(BR3)和 PA(PR'3)反映出
来而立体效应可以影响键能 ΔEb (BR3/PR'3)。 





















Dihydrogen bonding (DHB) is a kind of hydrogen bond and the interactions 
within DHBs can be generally represented as a quartet X-Hδ+···δ-H-M (typical element 
M can be a transition metal or boron and X-H is usual proton donor). The unique 
feature for this type of hydrogen bond, which is usually classified as nonconventional 
hydrogen bond, is that a hydrogen atom is involved in the proton acceptor. Like 
conventional hydrogen bonds, DHBs can influence structure, reactivity and selectivity 
in solution and solid state, and have potential utilities in catalysis, crystal engineering 
and materials chemistry. This kind of proton-hydride (Hδ+···δ-H) interactions, mostly 
existing in transition metal compounds, was identified in the middle of the 1990s and 
has been received much experimental and theoretical attention. Molecular hydrogen 
(H2) is not only a valuable future fuel; it also plays a vital role in a wide range of 
chemical and biological processes. Metal-free hydrogen activation holds the potential 
to replace costly precious metal catalysts and thus diminish the environmental impact 
from heavy metal pollutants. Stephan et al. recently introduced the concept of 
frustrated Lewis pairs (FLPs) in which sterically hindered Lewis donors and acceptors 
are combined and their steric overcrowding precludes from forming simple Lewis 
acid-base adducts. The discovery of FLPs systems opens a new avenue for the 
activation of small molecules and applications in catalysis. Understanding the actual 
mechanism of splitting and liberation H2 by nonmetals in theses compounds is 
essential for learning how to design metal-free systems for H2 storage and new 
hydrogenation catalysts. Quantum chemical methods have been employed in this 
research to investigate the dihydrogen bonding and its implications in the metal-free 
hydrogen activation. The main results in this dissertation are summarized as follows: 
(1) The interaction energies in ion-pair complexes [(CF3)3BH-][HPH3-n(Me)n+] (n=0-3) 
are linearly dependent on the gas-phase acidity of the proton donor [HPH3-n(Me)n+] 















configuration of the H···H-P moieties, the propensity for the proton transfer and the 
rearrangement of electron densities and the topological properties of the DHB critical 
point for B-H···H-P interactions studied herein are similar to those previously reported 
for neutral-pairs and ion-molecule complexes. However, the formation of ion-pairs 
causes significant electronic and structural reorganization and there are several 
interactions contributing to the overall stabilization of ion pairs. As such, the 
shortening of the P-H bond in the proton donor [HPH3-n(Me)n+] accompanied by a 
blue shifting of its vibrational frequency can be ovserved in some cases. 
(2) The higher stability of B(CF3)3(η2-H2) (De/D0=10.8/6.0 kcal/mol) makes the 
proton-hydride combination in [(CF3)3BH-][HPH3-n(Me)n+](n=0-3) proceed in a 
fashion similar to the protonation reactions in transition-metal hydrides rather than in 
group 13 hydrides EH4- (E=B, Al, Ga). 
(3) The BLW-ED analyses indicate that the nature of the interactions between the two 
interacting monomers of phosphine-boranes R3B/PR'3 (R=C6F5 (1), Ph (2); 
R'=C6H2Me3 (a), tBu (b), Ph (c), C6F5 (d), Me (e), H (f)) (B/P) is strongly dependent 
on the B-P distance. The strength of Lewis pairs with short B-P distances (~2.1 Å) is 
controlled by the balance between various energy components. Both strong and weak 
dative bonds can be found in this group. However, the situation in Lewis-pairs with 
long B-P distances (> 4.0 Å) is relatively simple as the correlation and dispersion 
energy (ΔEcorr) dominates the binding energy ΔEb(BR3/PR'3) of ~10.0 kcal/mol and 
the complexes are thus characterized by weakly bound van der Waals (vdW) 
complexes. Furthermore, it is difficult to differentiate the FLPs from others in terms 
of energy decomposition. The unique reactivity of FLPs are mainly due to their high 
HA(BR3) (Hydride Affinity) and PA(PR'3) (Proton Affinity) rather than the 
intermolecular C-F···H-C interactions. The Ehp （HA(BR3)+PA(PR'3)）of 360.0 
kcal/mol can be used as a threshold to differentiate the FLPs from other vdW 
R3B/PR'3. Furthemore, the energy barriers for vdW R3B/PR'3 in activating H2 are 
comparable and relatively low. As such, the relative stability of the ion-pair 
[R3BH-][HPR'3+] becomes more significant for the investigated reactions. 















[R3BH-][HPR'3+] is two fold. On the one hand, the possibility of observing the 
ion-pair rather than a proton transfer from [HPR'3+] to the [R3BH-] moiety resulting in 
R3B···H2···PR'3 is similar to that in conventional H-bonds. On the other hand, the 
combination of Lewis-pairs may lead to the liberation of H2, which is not possible for 
conventional H-bonds. (a) We propose a model which predicts that, when the sum 
(Ehp) of the hydride affinity (HA) of BR3 and the proton affinity (PA) of PR'3 is higher 
than 340.0 kcal/mol, the ion-pair [R3BH-][HPR'3+] can be observed, while with Ehp 
below this value the ion pair would instantly undergo the combination of proton and 
hydride with the release of H2. (b) The relative stability of ion-pair [R3BH-][HPR'3+] 
with respect to R3BPR'3 + H2 can be best described by a fitting equation: 
ΔER([R3BH-][HPR'3+]) = -0.779HA(BR3) - 0.695PA(PR'3) - 1.331ΔEb (BR3/PR'3) + 
245.3 kcal/mol (B/P). The fitting equation provides quantitative insight into the steric 
and electronic effects on the thermodynamic aspects of the heterolytic H2-splitting 
reactions (R3B/PR'3 + H2 → [R3BH-][HPR'3+]). The electronic effects are reflected by 
HA(BR3) and PA(PR'3) and ΔEb can be significantly influenced by the steric effects.  
(5) Dispersion interactions play an important role in the H2-activation by larger 
systems PR2-C6F4-BR'2 (R= C6H2Me3 (a), tBu (b) ; R'=C6F5). All common DFT, 
which can not describe long-range electron correlations that are responsible for the 
disersion forces, shows large deviation in describing the PES of H2-splitting reactions. 
Furthermore, the dipole moment of the system changes a lot after H2 is cleaved and 
considering intermolecular dipole-dipole interactions is necessary.  
 


















虽然直到 18 和 19 世纪，当理想气体定理、气体动能定理、法拉第的电解理
论、定量化学反应规律和许多其它的现象一起毫无质疑地表明物质是由分子和原











Figure 1. 1 A typical intermolecular potential energy function. 
 
以分子间距离为坐标的两个分子间作用势能一定是采用 Figure 1.1 的形式。














第一章  绪论 
2 
一些传统的看法如 ε代表吸引势井的深度。精确的势函数 U(R) 将视具体的分子
而定，但这些共同的特征是普遍存在的。从理想气体到实际气体的偏差的描述中，
范德华是第一个考虑这些观点的人。他建议气体所占据的体积 V 包括一个不能
被压缩的分子体积 b，这样只有 V - b 的体积留给气体分子的自由运动；分子间
的吸引力有减少气体对容器的压力的效应，这种效应和密度的平方成正比。这样
“实际”的压力不是根据气体运动定律得到的 P 而是 P + a/V2。气体运动定律
PV=RT 就采用(P + a/V2)(V - b)=RT 的形式，式中 P 和 V 是真实的压力和体积而不
是理想值。这个简单的方程给出了气体凝聚为液体时的一个很好的解释，其中的
常数 a 和 b 的值就如我们今天知道的那样有很好的兼容性。虽然这种方法已经被
取代了，但分子间的吸引和排斥力仍然称为“范德华”力(van der Waals)。 









= +∑ ∑  (1-1) 
其中 Wi是第 i 个分子单独的能量，Uij而是第 i 个分子和第 j 个分子之间相互作
用的能量。这种成对相加的方法只是初步的近似。上面的式子还应该包括三体、
四体等等相互作用 
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例如，如果我们考虑三个分子 A、B 和 C，成对近似的能量就是 UAB+UBC+UAC，































Table 1. 1 Contributions to the energy of the interactions between molecules. 
Contribution Additive? Sign Comment 
Long-range (U~R-n)   
Electrostatic Yes ± Strong orientation dependence 
Induction No -  
Dispersion Approx. - Always present 
Resonance No ± Degenerate states only 
Magnetic Yes ± Very small 
Short-range(U~e-αR)   
Exchange No -  
Repulsion No + Dominates at very short range 
Charge Transfer No - Donor-acceptor interaction 
Penetration Yes - Can be repulsive at very short range 






















第一章  绪论 
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硝基苯酚熔点（45 ℃）比有分子间氢键的间位熔点（96 ℃）和对位熔点（114 ℃）
都低。在许多无机和生物系统中，它的形成将对物质构象和聚集状态产生很大的
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